Secretory cells of many types store their secretions in membrane-bound granules, the contents of which are released, on demand, by exocytosis. During exocytosis the granule and plasma membrane must fuse. Electron microscopic studies of chemically fixed tissues (Palade & Bruns, 1968; Tandler & Poulsen, 1976; Lawson et al., 1977; Pinto da Silva & Nogueira, 1977) suggest that membrane fusion is initiated by apposition of these two membranes, sometimes over a rather large area, to form a 'pentalaminar' structure. This area of contact then undergoes a structural rearrangement to form a single bilayer that is continuous with both secretory granule and plasma membranes (the so-called trilaminar structure). This bilayer is then thought to break forming an aqueous pore that connects the granule interior with the extracellular space. This scheme has been reviewed by Palade (1975) .
More recently, rapid arrest of exocytosis by quickfreezing has shown that fusion of granule and plasma membranes actually begins at a highly localized region. In amebocytes (Ornberg & Reese, 198 1) fusion is preceded by a pedestal-like depression in the plasma membrane. Contact of this pedestal with the granule membrane, over an area as small as 0.2pm in diameter, is thought to lead to fusion and formation of a very narrow pore. This pore rapidly expands as granule contents are expelled. Our previous studies have shown that in mast cells (Chandler & Heuser, 1980) and in neutrophils (Chandler e f al., 1983) exocytosis also begins with formation of a small pore. This is true both for fusion of granule and plasma membranes at the cell surface and for fusion of neighbouring granules within the cell interior. Here I present data in these same systems that not only confirm the presence of these highly localized contacts before fusion, but also show that fusion may involve a population of small vesicles as well as the secretory granules themselves.
Rat peritoneal mast cells were suspended in phosphatebuffered saline (Chandler & Heuser, 1980) , stimulated by exposure to 8 pg of the histamine releaser 48/80/ml, and 5-200s after stimulation rapidly frozen by contact with a liquid-helium-cooled copper block (Heuser et af., 1979) . Rabbit peritoneal neutrophils were suspended in modified Tyrodes buffer (Chandler et af., 1983) , treated with 5pg of cytochalasin B/ml, and 1 min later stimulated with lo-@ M-FMLP, a synthetic chemotactic peptide. At 5-60s after stimulation, the cells were chemically fixed with 2% glutaraldehyde, then rapidly frozen. Frozen samples were then fractured, etched, and shadowed with platinumcarbon at 45°C in a Balzers 301 freeze etch unit. Replicas were cleaned with sodium hypochlorite and viewed at 80 kV in a Phillips 300 electron microscope ( Fig. 1 ). All parts of the Figure are negative images and platinum deposits appear white. All experiments were carried out at 21°C except where noted.
Part 1 shows that in mast cells, unreleased granules are separated from the plasma membrane by a layer of cytoplasm containing filaments that contact both plasma and granule membranes. Fusion of these membranes (part 2) results in a small pore leading into the granule interior. Etching has removed enough ice to show clearly the superstructure of the granule contents. As this pore widens (part 3), granule contents are expelled. At the same moment, more interior granules have formed small, pedestal-like contacts with the membrane of this outermost granule even before its exocytosis is complete (arrow, part 3). At higher magnification these contacts are seen to be multiple pedestals, 0.05-0.08pm in diameter (arrows, part 4). I believe these contacts are an early step in the fusion of interior granules to produce the multipocketed invaginations characteristic of compound exocytosis. Multiple contacts are also seen between membranes of more interior granules (part 5). Some contacts are capped by what may be an intramembrane particle-free bilayer as judged by the lack of etching (arrow, part 5). In addition, we see secretory granules connected by narrow tubules (solid arrows, part 6); crater-like crossfractures of these tubules (open arrows, part 6) suggest that they have an aqueous interior. Thirdly, we find instances in which membrane fusion appears to involve small vesicles. The asterisk in part 4 points out such a vesicle connected to the adjacent granule membrane by a narrow neck.
Further evidence for participation of small vesicles in granule membrane fusion comes from our work on neutrophils. Chemotactic agents, in the presence of cytochalasin B, stimulate neutrophils to undergo a compound exocytosis that is characterized by formation of finger-like invaginations radially directed towards the cell centre (part 7). As these invaginations grow their tips are often narrow and tubular with small bulbous endings (arrow, part 8) about the same diameter as the many small vesicles in the surrounding cytoplasm (V, part 8). The narrow geometry of these tips suggest either fusion of secretory granules with these small vesicles or extremely rapid reshaping of the Unreleased granule in a mast cell quick-frozen 10s after stimulation with 48/80. x 66000.2. Granule-plasma membrane fusion in a mast cell quick-frozen 200s after stimulation with 48/80. x 36000. 3. Release of granule contents in a cell quickfrozen 15s after stimulation. Interior granules have formed minute contacts with the released granule membrane (arrow). x 32000. 4. High magnification view of pedestal-like contacts seen between granules in 3 (arrows). Note also the small vesicle joined to the granule membrane (asterisk). x 75000. 5. Multiple contacts between interior granules of a mast cell quick-frozen 17s after stimulation. x 75000. 6. Narrow tubules connect interior granules in a mast cell frozen 17s after stimulation (solid arrows); crossfractured tubules are seen as craters (open arrows). x 67000. 7. Compound exocytosis in a rabbit neutrophil fixed 10s after stimulation with FMLP and cytochalasin B results in finger-like invaginations directed toward the cell centre. x 62000. 8. The narrow tips of these invaginations (arrow) may undergo fusion with the small vesicles (V) nearby. This cell was fixed 30s after stimulation with FMLP. x 54000. 9. Compound exocytosis results in a 'ribbon' of fused granule membrane in a neutrophil fixed 30s after stimulation with FMLP at 37°C. x24OOO. granule membrane. Reshaping would require great elasticity in these membranes but there is good reason to believe that this elasticity is present. Part 9 shows the result of compound exocytosis in a neutrophil stimulated with FMLP at 37°C. Nearly every granule membrane is connected by flattened ribbons of membrane to form one long, convoluted tunnel that leads to the plasma membrane at the lower left.
In summary, quick-freezing studies on mast cells and neutrophils show that membrane fusion starts at highly localized contacts between granules. Granule membranes undergo rapid shape changes not only during widening of the pore initially formed but also in reshaping of the exocytotic pocket as it grows. Secretion is plainly an example of cell motility, involving the movement of secretory vesicles from the cell interior to the sites of fusion with the plasma membrane. Since other motile processes (most notably muscle contraction) involve a contractile apparatus comprising actin filaments, myosin and other associated proteins, it seems appropriate to consider whether a similar contractile machinery might have a role in secretion.
There are two obvious ways in which the actin filaments (or 'microfilaments') of a cell might mediate secretion.
Firstly, actin filaments might have a 'tow-rope' function, actively pulling vesicles from one place to another. If filaments were anchored to both vesicle and plasma membranes and had the appropriate (opposite) polarities, a myosin-mediated sliding-filament mechanism analogous to that in muscle could provide the necessary force. In the search for evidence of this, several workers have attempted by various means to show binding of actin (and sometimes also myosin) to secretory-vesicle membranes (Burridge & Phillips, 1975; Gabbiani et al., 1976; Howell & Tyhurst, 1979; Fowler & Pollard, 1982) . However, although some binding seems to occur in oitro, it has so far proved technically impossible to demonstrate specific actin-binding sites biochemically. Neither has it been possible to demonstrate such sites on the inner surface of the plasma membrane where they are more generally presumed to exist, although it is known that filaments terminating at the plasma membrane have the polarity required for a slidingfilament mechanism (Begg et al., 1978) .
Not only is the existence of a tow-rope mechanism for vesicle movement unproven, it may be argued that such a mechanism is unnecessary. The scale of cellular processes is such that simple diffusion could move vesicles fast enough over the distances concerned so that this movement would not be the rate-limiting step in secretion (Bennet et al., 1984a), provided that movement was unimpeded. Circumstantial evidence for a diffusion mechanism of vesicle movement comes from some particular cases. In the resting state of very large secretory cells (e.g. Paramecium cells, sea urchin eggs) the secretory vesicles are anchored close to the plasma membrane; if this were not the case the distances involved would be too large for a diffusion-mediated mechanism. By contrast, in situations where secretion must be extremely fast, such as the nerve synapse, the secretory vesicles are substantially smaller than in other cells and will have correspondingly faster rates of diffusion.
The second way in which the actin filament system may control secretion is apparent from the morphology of nonmuscle cells. Most of the actin in cells is located as a dense filamentous network in the cortical part of the cytoplasm. Where it has been possible to examine this in the electron microscope it has been found that the average spacing Vol. 12 
